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PRECISION LONG PATH INTERFEROMETRY
AND THE VELOCITY OF LIGHT()
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W REPORT here on several aspects of the JILA/NASA/NBS velocity of light experi-
ment which has recently been started.

We discuss first the theory of the experiment and illustrate numerically that signal-to-
noise ratio is not of primary concern. Considerable thought has gone into planning the
experiment to be as free as possible from systematic error and these considerations will
be briefly reviewed. We discuss a promising pair of laser transitions in pure neon and
report two technological developments related to them. We will give a few illustrations
of the kind of geophysical information that can be obtained from long-baseline inter-
ferometry of the type developed in this work. Finally we briefly report a useful laser
transfer standard and a new wavelength reference based on laser saturation of a methane
absorption line. A reproducibility of 3 parts in 10" has already been demonstrated by
optical heterodyne techniques in preliminary experiments.

The velocity of light experiment is based on the idea [I-4] of measuring the difference
in frequency between a pair of closely-spaced gas laser lines, while simultaneously meas-
uring the difference in wavelength with precision interferometric techniques.

In the work to be described, a pure neon laser oscillates on the doublet at 1.15 microns,
producing two laser lines 51 GHz apart [5]. This beat frequency has already been measured
in the laboratory [6]. The interferometic wavelength-difference measurements will be done
in a 30 meter high finesse curved-mirror Fabry-Perot interferometer. For stability reasons
the interferometer is evacuated and located in a remote unused gold mine located in the
mountaines west of Boulder.
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Let us consider first the wavelength measurement. For simplicity of presentation we
will assume the path length such that we simultaneously have standing wave conditions
for each line. Mirror phase shifts and other corrections will be treated later. Thus we have

N2 =L, N(&)2 = L. (1)

We can solve these for the (microwave) difference frequency Av between the two lines
A, and A;: '

c
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The length L of the interferometer is very stable as will be seen later, but ultimately
we will measure it optically in units of the stronger laser line. Calling this line 4,, we can
eliminate L from Eq. 2.

. N,—N,
Ay = N ( N, ), 3
or finally

N,
¢ = A'V*Al Nl N2 (4)

In our experiment Av ~ 5.1x10°s1, L =30m, 4 ~ 1.15ym, N, ~ 53x10” and
N,—N, ~ 10%
To appreciate the power of this method, it is useful to calculate the total logarithmic
derivative, 6C/C
5(,‘ 6(A’V) 521 6N1 6(N1 -—Nz)
o T v N Ay +wN1__-N1—N2 ’ ©
dc

- > 107" & 5x107°45x107+10” 2/5><107+10 4110°, (6)

The estimate for the frequency uncertainty is inferred from the measured residual
instability of the optical frequencies themselves. The wavelength uncertainty represents
the best published reproducibility with which laser wavelengths and krypton wavelength
have been intercompared. It is essentially limited by the properties of the krypton lamp
itself. We plan to measure the whole fringe number* N;, or equivalently, the whole optical
path L, using a cluster of 5 or 6 laser lines near 1.15 um. A precision, scanning method
closely related to the “method of exact partial fringes” will be employed with successively
greater etalon lengths, starting at a few cm. After a short etalon spacing is measured, the
laser wavelength ratios are re-measured in it, and one “bootstraps” his way to 30 meters
in 3 or 4 steps. The uncertainty in the whole fringe number ¥, is taken to be 1/100 of an
order which is certainly conservative for a high finesse interferometer. One anticipates
the major problem to be accurate measurement of the difference in fringe numbers, N, 1 —N,.
We suggest 10-* as a reasonable objective, leading to a probable error of 1x 10-% in the
value to be obtained for the velocity of light. It is very important to distinguish at this
point between random errors and systematic errors. Having the two laser lines closer
together would require more care and more signal-to-noise ratio for a given precision.
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However the important problems in high precision experiments are almost always the
systematic effects. The concept of differential measurements between two quantities which
are almost equal—and which consequently are treated almost equally by an apparatus—is
one of the most powerful principles of experimental physics. Thus we anticipate a sen-
sitivity loss rather than a loss of accuracy, corresponding to the smallness of the 2.26 A
separation of the two lines compared with the 11,500 A basic wavelength. It is useful
to treat this idea more quantitatively.

Let us collect mirror phase shifts, diffraction corrections, etc. into a small quantity &
for each wavelength

Ny=N}+e, N=N;+e; (M

N°, N§ are the integer fringe numbers we teach students about. The &'s are less than 1.
Since (N;—N,) < Ny, N, we are sure that an expansion of ¢ as a function of A needs only
a linear term, viz,

8
£ = &1+ -3%4/1. ®)

In terms of the physical origins of ¢, we can write
—Z—Z— A1 = A (Dielectric Mirror Phase shift on reflection),

+A (Diffraction correction), )

+4 (wavefront sampling of interferometer plate figure).

Putting in appropriate numbers we get

1
Ot "2 order )
E1— &y = ﬁ_ X Al ~ m— X 22A phaSC Shlft,
-+(0.369—0.369) diffraction correction. (10)
L w x0.5 cmM plate figure.
3cm ]/ A
So
£y —&y = 10734+ 04(1/3)x10~° (1)
and
_(ﬂNﬁ — 107404 (1/3)x 1071, (12)
2

In the course of measuring the whole fringe numbers, the actual mirror phase shifts
will be measured to about 1/100 order at 5 or 6 laser wavelengths ranging from 1.084 pm
to 1.199 um. Since the mirror reflectivity is a constant 99% over this whole band, it
is expected that the phase will also be a slowly varying function over the wavelength
range of interest. Thus an interpolation method should provide adequate accuracy, 1074,
for the value g,—é&;.
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It is an interesting property of single mode illumination of curved mirror interfero-
meters that the diffraction correction is independent of wavelength [7]. Effectively the

mode size scales appropriately with the wavelength (acﬂ) to produce the same diffraction
effect and consequently the same geometrical mode, apart from the change in transverse
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Fic. 1. Optical layout at Poorman’s Mine. The use of two 6328 A lasers and Frequency-Offset Locking

allows the long interferometer to be well-stabilized at any convenient length. The auxiliary 2.16 meter path

will be used in the determination of the whole fringe number. The Glan prisms and Fresnel rhombs pro-
vide reverse decoupling of > 10°:1.

scale factor. The laser mode is similarly scaled. Thus a single optical transformation
simultaneously matches both lines to the cavity.

We have seen that there does not appear to be any known difficulty which should
in principle cause a systematic error equal to or greater than 1 part in 108, Whether or
not this promise can be realized depends partly on signal-to-noise considerations. The
‘laser to be described shortly produces about 25 microwatts, 20 of 1.15259 um (2S,—2P,)
and 5 of 1.15282 um (2S,—2P5). The optical circuit from the laser through the interferometer
should have a transmission of 1/20 or greater. This layout is illustrated in Fig. 1. Another
beam splitter and solid etalon (4;, 4, filter) at the output lose an additional factor of 10
in the power. The noise-equivalent-power of available germanium photodetectors is
around 2 x 10-% watts for a 1 cps bandwidth. Thus we expect a working signal-to-noise
ratio of

x10~5W
We expect a finesse of at least 100 from the long interferometer now that the plates have
been recoated to give R = .99 (theoretical finesse = 314). This high finesse is realistic
in view of our mode-matching results with these plates. [A 6328 laser mode has been opti-
cally transformed so precisely into an eigenmode of the 30 meter cavity that only about
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0.1% admixture of undesired modes was produced. Thus energy fed into the dominant
mode should be effectively stored until ultimately dissipated by transmission through
the mirror. Our 30 cm reference cavity used in the same manner has a measured finesse -
of 560!] With a linewidth of 1/100 order and a calculated signal-to-noise ratio of 10*:1,
we may reasonably expect to be able to split the fringes to 1%,. As will be discussed shortly,
stability of our environment is not a problem. Thus it appears that the velocity of light
can be measured with these techniques with a probable error of the order of 1 part in 108
It may be of interest briefly to mention some technological progress motivated by this
velocity of light experiment. We have already reported [5] on a millimeter-wave apparatus
useful in detecting and measuring the 51.36 GHz beat frequency between the two neon
laser lines at 1.15 microns. The Schottky-barrier diode used has enough microwave sensitivi-
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F1G. 2. Frequency swept display of IF amplifier output (lower trace). Upper trace shows (weak) heterodyne
frequency marker at 51.36 GHz. Frequency scan is nonlinear due to klystron repeller characteristic.

ty and enough optical sensitivity to allow the two “tune-up” operations to be done inde-
pendently. The diode also serves to heterodyne the 51.36 GHz with the 51.30 GHz kly-
stron, producing thereby a 60 MHz output current. Figure 2 shows the spectrum resulting
when the klystron frequency is swept. At this time the laser was oscillating in several
longitudinal orders.

Soon after this work was reported we began work on the mode-suppressing three
mirror system discussed by Fox and SwmitH. | This arrangement is illustrated in Fig. 3.
In Fig. 4A only the mode-suppressor mirror is swept. The power output variations result
as the reflectivity of the three-mirror system (viewed as a laser mirror) varies with its
tuning. [The oscillation is largely constrained to be an axial mode of the longer inter-
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ferometer due to its very high 0.] In this photo the single mirror at the far end was adjusted
so that the “Lamb-dip” frequency is included in the comb of frequencies which are sequen-
tially produced by scanning the mode-suppressor cavity. Figure 4B shows the envelope
which results when the two cavities are asynchrously scanned. In Fig. 4C the mode-
-suppressor cavity is servo-locked so as to maximize the output power at each point in
the (adiabatic) sweep of the oscillation frequency. Finally, in Fig. 4D, the long cavity
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FIG. 3. Single axial-mode laser setup. Servo control of mode-suppressor cavity maximizes the output power.
Servo control of the single mirror at the far end Jocks the laser frequency to the desired value, for example
the Lamb-dip frequency.

is itself locked to the Lamb-dip. In the “C” experiment, this second lock will be to the 30
meter interferometer. Under the doubly-locked conditions illustrated in the figure, the
spectral width of the single microwave beat frequency was too small to observe, the re-
sidual width (~ 1 KHz) being due primarily to ripple in the klystron power supply. Since
then, the klystron has been phase-locked to a harmonic of a suitably stable 10 MHz oscilla-
tor, but the photobeat experiment has not yet been repeated with the improved apparatus.

We turn now to the interferometric stability experiments conducted over the last
year or so at the Poorman’s Relief Gold Mine. This mine is not now used for its in-
tended purpose and instead has been partly refilled with concrete-and-steel piers, lasers,
and electronics. Figure 5 shows the layout of the vacuum system, the three piers and the
several bellows. Because of the bellows, the spacing between the piers is fixed by the solid
granite rock, not by the aluminum tubing. Off to the left edge of the figure is the laser room,
closed off about 7 meters from pier 1 by another partition. A control and electronics
room, formerly used for storage of the high explosives used in hard-rock mining, is lo-
cated about 30 meters from this second partition. The mine entrance is about 120 meters
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beyond the control room. To reduce the influence of barometric pressure variations on
the length of the 30 meter path, all of the otherwise unbalanced forces due to atmospheric
pressure have been removed from the piers with auxiliary bellows and suitable anchors.
One of the vertical supporting members for these bellows may be seen in Fig. 6, just beyond
pier 2. The only side tunnel carrying fresh, moving air joins our tunnel about halfway bet-
ween the laser room and the control room. When both doors of the laser room are closed
to further restrict the air circulation, the resulting thermal and mechanical stability of
this site is truly impressive. Our first observation, several years ago, showed drifts of

Fic. 4A. Apparatus of Fig. 3, operating at 1.15 um in pure Ne?® at 0.15 Tr. Mode-suppressor mirror

is swept. The length of the long cavity has been adjusted at the single mirror end to produce a comb of
: oscillation frequencies which includes the Lamb-dip frequency.

FiG. 4B. Both mirrors are driven, using incommensurable drive fréquencies. All oscillating states are

included in the envelope.
FiG. 4C. Output power vs tuning at the single-mirror end. The mode suppressor mirror is now servo-driven
to produce the maximum output power at the frequency selected by the higher Q, long cavity.

F1G. 4D. Both servo loops operating, laser frequency modulated around the Lamb-dip and locked to it.

The output power on this 25,—2P, transition at 1.15 um is about 20 pW, single frequency.

about 1 fringe (out of 10® fringes) per 5 minutes with an unstabilized 6328 A laser. Since
then, a fused quartz reference cavity with optically-contacted mirrors has been installed
in a triple-walled, evacuated, constant temperature oven. (However it has not ever been
necessary to servo-control the cavity temperature in this environment.) The cavity has
a finesse of 560 and serves admirably as a sharp discriminator, having a full linewidth
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Fic. 5. Schematic of the vacuum system at Poorman’s Mine. All heliarc welds have been helium leak-checked.
At the 5 micron pressure reached by the mechanical pump, the whole fringe number N has been increased
by 1 due to the residual gas.

Fi16. 6. Standing in the doorway to the laser room, looking north along the 30 meter interferometer. The

lefthand vacuum tube (with the feedthrough insulators) contains the 30 cm reference cavity; the optical

path of the 2.16 m interferometer passes through the righthand tube. The vertical poles anchor the

barometric-pressure relief bellows. At the 9°C ambient temperature, moisture condensation can be appre-
ciable in the springtime.
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of only 0.8 MHz. An RF excited, stable 6328 A laser is locked to this cavity. With this
stable wavelength as its input, the 30 meter interferometer is then locked to the peak of
its transmission fringe. The optical system illustrated in Fig. 1, and presently being con-
structed, will allow the long interferometer to be stabilized at any convenient length or
scanned in a precisely-known manner.
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Fi1G. 7. Earth tide data for the period April 26 through May 2, 1968. The lower (experimental) curve has
been replotted by hand to remove the 1 fringe steps generated by the automatic ranging circuit. The upper
(theoretical) curve contains only the tide amplitude as a free parameter,
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FiG. 8. Quiet interval around 9 a.m. on March 21, 1968. The data have been smoothed about a factor of

3 by a digital filter of 3 s averaging time. The oscillations with a period ~ 5 min may be of barometric

rather than seismic origin. The general upward trend is due to the earth tide being displayed at such high
magnification.
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Due to good mechanical design of the piers and mirror mounts, the long path error
signal (fed to its electrostrictive ceramic elements to control the length to be precisely
constant) may be regarded as a measure of earth strain. Thus we see gravitational tides
in the earth’s crust of up to 5 fringes amplitude. About 1 week of such data is illustrated
in the lower half of Fig. 7. [The actual recordings have jumps of one fringe generated
by the automatic range apparatus—for clarity these have been removed.] The upper half
of the figure is a computer-synthesized theoretical rock tide at our location, calculated
.for the pure north-south strain component [10]. The fact that our interferometer turns
out actually to lie about 7° west of north probably accounts for the difference in the se-
cond-harmonic component. These data in comparison with the theoretical tides well illu-
strate the excellent long-term stability of this environment. The apparent drift of the
system, of the order of 1 in 10° per week, corresponds to 2 2 millidegree change in the
temperature of the reference cavity if the entire change is assigned to this source.

On a shorter time scale, Fig. 8 shows the “relatively typical” quiet interval. The higher
frequency components have been smoothed by a factor of 3 or so with a digital filter of

5x107%
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I | |
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Fic. 9. Arrival in Boulder of a seismic disturbance related to an underground nuclear test in Nevad

3 seconds averaging time. Drift rates of 2 or 3 in 10! per minute seem to be typice
The general upward trend is due to the earth tide being displayed at such high magnific
tion. On such a quiet day this residual noise, a few hundredths of a fringe or so, is di
to microseism activity. The microseism spectrum, measured by other methods, peaks

a few seconds/cycle. The oscillations with a period ~ 5 minutes may be of barometri
rather than seismic, origin. The observed signal-to-noise ratio of ~ 50:1 thus sets :
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upper limit of 10~ for electronic and optical system noise. From the point of view of
the velocity of light experiment, these variations of the order of a fringe or less are the
open loop error signal. With small input errors and good signal-to-noise ratio, the length
servo should be very effective in producing an ideal, fixed-length Fabry-Perot spacer.

» CHq4 absorber
He-Ne“ amplifier
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FiG. 10. Saturated Molecular Absorption Apparatus. The 1 mW output at 3.39 um of the He-Ne
laser corresponds to about 1 W/cm? inside the cavity.

Fic. 11. Upper Photo: Output power vs laser cavity tuning. Only the upper 20% of the 1 mW output is

displayed full scale. The cavity scan axis is 28 MHz/division. The saturation peak is about 2% amplitude

and 400 kHz wide at half height. At ~ 12 Tr the Ne?° laser has been pressure-shifted into good coincidence

with the CH, absorption line. Lower Photo: Upper trace—similar to above, except cavity tuning scale

is 2 MHz/division. Lower trace is output of wideband, linear frequency-to-voltage converter displayed

against the same cavity scan as the upper trace. Note the “frequency hangup” near line center as the oscil-
lation frequency is strongly pulled by the methane resonance.
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For general interest, we include Fig. 9. It shows the error signal due to the arrival in Boul-
der of a seismic disturbance related to a nuclear explosion detonated underground in
Nevada. Our pre-arrival noise level was not approached within a factor of 3 for many
hours.

The general conclusions seem to be that a), lasers and long-path interferometry will
be useful in geophysics, and b), with relatively modest effort we should be able to servo
our path-length to be as constant as we need.

Saturated 3.39 micran
methane absorption
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FI1G. 12. Derivative of output power with respect to frequency, plotted versus frequency. Line center cor-

responds to where the f,—f; beat frequency is equal to the fo— £, reference frequency of 2.9184 MHz. The

frequency for which the derivative is zero is remarkably insensitive to methane pressure over the range
1/4 to 48 pm,

Finally, we report two laser devices which should prove useful in precision metrology.
The first is the pure neon laser, oscillating on the 1.15259 micron transition (25,—2P.),
which has an anomalously small pressure shift [11]. An independent reproducibility of
better than 1: 10° has been demonstrated. This laser has high gain and a very low oper-
ating pressure. It can give a highly useable stabilized output for fess than 10 watts system
power input and thus should find additional application as a portable high-precision
transfer standard. By good luck, this line is also the stronger of our beat-frequency pair.
Thus heterodyne comparisons of wavelength can easily be done at the mine to measure
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the long term drifts. Eventually it may be used to transfer the standard krypton centi-
meter up to the mine. More discussion and results may be found in Ref. [11].

The second laser device promises to be fundamental wavelength standard of the high-
est quality and utility. The idea [11] is to study the sharp natural absorption line of a sui-
table molecule by partially saturating its absorbing transition with a laser. Those mole-
cules having only transverse thermal velocity components interact (strongly) with both
cavity running waves. The resulting partial saturation of the molecules having zero axial
velocity thus reduces the interacavity opacity, giving rise to an “emission” feature precisely
at line center. The apparatus is illustrated in Fig. 10. Our first work exploits the unique
stability of a methane vibration-rotation line at 3.39 microns wavelength, excited by the
helium-neon laser transition (3S,—3P,) [12]. In Fig. 11 we show that the wavelength
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F1G. 13. Linewidth of the Lorentz saturation feature at half-maximum intensity. The same pressure scale
applies to both xenon and methane as the collision-broadening gas. In the xenon runs, the methane pressure
was 13 pm.

coincidence may be made very good by a suitable pressure-shift of the Ne® transition.
With the technique of “Frequency-Offset Laser Locking”, we are able to scan the reso-
nance with extreme stability. Figure 12 shows the variation of the derivative-with-respect-
-to-frequency of the output power. The lack of a pressure-shift is clear from these analogue
data. We are presently unable to reliably measure the pressure shift, even with excellent
digital data and computer lineshape analysis, the interim best value being (75-150) Hz/ pm.
The beat frequency between two independently-stabilized devices was (2.6-+2) kHz. To
our knowledge, this demonstrated reproducibility of better than 3: 10" is better by 1 1/2
orders of magnitude than any optical results previously reported. In addition to its use
as a potential wavelength standard, this concept should allow investigation of gas-phase
collision effects with a sensitivity never before available [13].

5 Electron Technology
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